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Abstract: Space robotic systems tend to be more flexible and equipped with some appendages, such
as solar panels and communication antennas. The inevitable vibration in the flexible appendage
will occur during space missions, and it in turn affects the attitude of the rigid base due to coupling
dynamics. This study develops an assembly scheme for a dual-arm space robot with flexible ap-
pendages to assemble two modular components and to minimize the disturbance force caused by the
manipulators to the base and flexible appendages. The assembly strategy consists of two stages, a
preassembly stage which transports the two components to desired relative states, and a trajectory
tracking stage to achieve the final assembly. In the first stage, based on a relative Jacobian matrix
in the base frame, an optimal objective function is formulated in terms of the relative position and
attitude errors between the two components. Thereby, more freedom of manipulators is released
for minimizing disturbance forces. Notably, two virtual points are created to describe the relative
position between the two components. In the second stage, two components are driven to follow
a relative trajectory for the final assembly with an unchanged relative attitude. Finally, numerical
simulations are conducted to demonstrate the efficiency of the proposed assembly strategy.

Keywords: space robot; flexible appendages; assembly; two stages

1. Introduction

With the development of space technology, the number of space activities in various
forms has increased in recent years [1–6]. For future space explorations, ultra-large space
structures such as astronomical telescopes, solar power stations, and large hoop anten-
nas are in great demand [7,8]. In view of their enormous sizes and launch abilities, the
current deployable strategy that makes structures unfolded after reaching the orbit is not
applicable [9]. As an appealing solution, the on-orbit assembly technique with the help
of space robots is expected to construct the extremely large space structure, where small
modular components are separately launched to the space and assembled on-orbit in a
stage-by-stage manner. The assembly form generally contains two types. One is that a mod-
ular part is mounted on a spacecraft and assembled via rendezvous and docking [7,10,11].
The other utilizes a specific space robot with manipulators to achieve assembly of modular
components [12,13]. The latter type is of particular interest in this work.

Several types of space robots, primarily walking robots on large space structures and
free-flying robots with independent thrusters, have been studied to construct the large
space structure. Staritz et al., reported on the first-generation walking robot Skyworker,
comprising mechanical grippers to walk on large-scale orbital facilities and manipulators
to perform inspection, maintenance, and assembly missions [14]. Hu et al., developed
a formation control scheme of walking robots to construct a large solar sail using a slid-
ing mode controller [15]. Recently, Cao et al., proposed an assembly strategy for a space
robot attached to an orb-shaped solar array, wherein the motion planning of the robot for
assembly is based on a vehicle–bridge coupled dynamic model [12]. However, walking
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robots cannot perform well in the complex practical assembly process, e.g., constructing
modular mirror components. In comparison, a free-flying robot is more versatile and acces-
sible to manipulate [16–18]. Over past decades, considerable efforts containing numerical
simulations and ground experiments have been made in space assembly works using this
type of robot. Senda et al., conducted a truss assembly strategy based on a reinforcement
learning strategy and performed the experiment using a space robot simulator including
two manipulators and a satellite vehicle [19]. Boning et al., developed a control scheme for
a team of free-flying robots to construct larger flexible structures, and it was validated by
an air-bearing-based space robot simulator equipped with force and torque sensors [20].
Recently, Karumanchi et al., have proposed a payload-centric autonomy paradigm for
assembling space modular structures, and it was achieved using a dual-arm robot called
RoboSimian [21]. Lu et al., have designed a learning controller and some cooperative
modular components for simulating the autonomous space assembly using a ground-fixed
manipulator [22].

It is noted that most space robots in the abovementioned studies were assumed to
be rigid, multibody systems. Actually, flexible appendages are mounted on the space
robot, such as solar panels and communication antennas. Moreover, when manipulators
move for assembly, it will cause the vibration of flexible appendages and changes in base
attitudes, which may lead to loss of communication with the data relay satellite or the
ground station. Hence, some efforts have been devoted to the research about space robots
with flexible appendages in recent years. Yu et al., developed a dynamic model for a
6-DOF space robot with flexible panels using the single-direction recursive construction
method and the Jourdain velocity variation principle [23]. Gasbarri and Pisculli proposed
two new control strategies for robotic arms mounted on a flexible orbiting platform to
compensate the flexibility excitations induced by the chaser satellite solar panels based
on a mixed NE/EL dynamics formulation [24]. Xu et al., presented a recursive dynamic
model and path planning scheme for a spacecraft mounted with manipulators and flexible
appendages to capture a large flexible spacecraft [25]. Meng et al., introduced a dynamic
model for a space robot with a flexible solar paddle treated as a lumped mass with the
stiffness and employed a hybrid controller based on wave-based and PD control to remove
the vibration when berthing the target [26]. Afterwards, in order to achieve a capture task,
Meng et al., implemented an energy-based joint controller for time-varying trajectories due
to flexible appendages and demonstrated it using a single-degree-of-freedom space robot
experimental system [27].

It is worth noting that most of the current assembly strategies using free-flying robots
focused on assembling small components individually to a large base structure, which was
usually assumed to be resident to simplify the analysis. As shown in Figure 1, it is a feasible
solution to improve assembly efficiency through constructing a large space structure in a
level-by-level manner: assemble the smallest modular components into a sub-structure,
and then assemble the sub-structure into a larger sub-structure or a base structure [13].
Hence, a two-stage assembly strategy for assembling two modular components using a free-
flying dual-arm space robot with flexible appendages is studied in this work. The scheme
is divided into preassembly and trajectory tracking stages at a dynamics level, where
the flexible appendages are considered as two beam elements through a finite element
means. In the preassembly stage, two components are driven to attain a predefined relative
position and attitude, employing a relative Jacobian matrix in the base frame rather than the
generalized one in the inertial frame. Besides, the disturbance force caused by movements
of the manipulators is incorporated into the objective function. In the trajectory tracking
stage, two components are planned to follow a relative trajectory for assembling while
the relative attitude between them is kept unchanged. Finally, the presented two-stage
assembly scheme is validated through numerical simulations.
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Figure 1. Assembling modular components using a dual-arm space robot with flexible appendages.

The remainder of this paper is organized as follows. In Section 2, the dynamic model
of a dual-arm space robot with flexible appendages is established. Afterwards, a two-stage
control scheme is introduced to achieve assembly and optimization for the response of the
base and flexible appendages in Section 3. Thereafter, in Section 4, numerical simulations
are carried out for a dual-arm space robot with two three-DOF arms to verify the presented
strategy, followed by the conclusions in Section 5.

2. Dynamics of a Dual-Arm Space Robot with Flexible Appendages

As shown in Figure 2, the planar dual-arm space robot system of concern consists
of a base, two flexible appendages, and arms with revolute joints. The two arms and
appendages are marked by numbers 1 and 2 on the left and right sides, respectively. The
symbols ∑I and ∑B denote the inertial and the base frame, respectively. The orange and
red lines represent the local frames of the two appendages. r0 denotes a location vector

of the base mass center, θ =
[
θ
(1)
1 · · · θ

(2)
n2

]T
and θ0 are rotation angles of the base and

manipulators, respectively, and r(1)i and r(2)j represent mass center vectors of link i in arm 1
and link j in arm 2. For the planar case discussed in this paper, one obtains:

(I)r(1)i = (I)r(1)i−1 +
l(1)i−1

2

[
cos(θ(1)i1 )

sin(θ(1)i1 )

]
+

l(1)i
2

[
cos(θ(1)i1 + θ

(1)
i )

sin(θ(1)i1 + θ
(1)
i )

]
(i > 1) (1)

θ
(1)
i1 = θ0 +

i−1

∑
k1=1

θ
(1)
k1 (2)

(I)r(1)1 = (I)r0 +
√

2l0

[
cos( 3π

4 + θ0)
sin( 3π

4 + θ0)

]
+

l(1)1
2

[
cos(θ(1)1 + θ0)

sin(θ(1)1 + θ0)

]
(3)

(I)r(2)j = (I)r(2)j−1 +
l(2)j−1

2

cos(θ(2)j2 )

sin(θ(2)j2 )

+
l(2)j

2

cos(θ(2)j2 + θ
(2)
j )

sin(θ(2)j2 + θ
(2)
j )

 (j > 1) (4)

θ
(2)
j2 = θ0 +

j−1

∑
k2=1

θ
(2)
k2 (5)

(I)r(2)1 = (I)r0 +
√

2l0

[
cos(π4 + θ0)
sin(π4 + θ0)

]
+

l(2)1
2

[
cos(θ(2)1 + θ0)

sin(θ(2)1 + θ0)

]
(6)

where the left superscript I represents the related vector described in the inertial frame,
and l(1)i and l(2)j are the lengths of link i in arm 1 and link j in arm 2.
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Figure 2. A dual-arm space robot with flexible appendages.

In this paper, the flexible appendages are simplified as two planar Euler–Bernoulli
beam elements with small lateral deformation and no axial displacement. Hence, the
generalized coordinates of a beam element, namely the deflection and rotation angle of
boundary nodes, are given by:

qe1 =
[
0 0 w1 θe1

]T (7)

where w1 is the deflection of the tip of the beam. The rotation angle of the tip denoted by
θe1 is given by:

θe1 =
∂w1

∂x
(8)

where x is the element coordinate. The position vector of an arbitrary point a1 on the beam
in the local frame is expressed using a Hermite interpolation polynomial scheme as a shape
function, as follows:

( f 1)rx1 =
[
x1 wx1

]
=
[
x1 Ne1qe1

]
(9)

Ne1 =

[
1− 3x2

1
l2
1
+

2x3
1

l3
1

x1 −
2x2

1
l1

+
x3

1
l2
1

3x2
1

l2
1
− 2x3

1
l3
1
− x2

1
l1
+

x3
1

l2
1

]
(10)

where l1 is the length of beam element 1 and the left superscript f1 indicates the corre-
sponding vector expressed in the local frame of appendage 1. The location vector of an
arbitrary point on the flexible appendage 1 expressed in the inertial frame is:

(I)ra1 =
[
xa1 ya1

]T
= (I)r0 + R0R1(

[
l0 0

]T
+ ( f 1)rx1) (11)

where R0 and R1 denote the transformation matrices from the base frame to the inertial
frame and from the local frame of the appendage 1 to the base frame. Analogously, the
position vector of an arbitrary point on the other flexible appendage is given as:

(I)ra2 =
[
xa2 ya2

]T
= (I)r0 + R0(

[
l0 0

]T
+ ( f 2)rx2) (12)

( f 2)rx2 =
[
x2 wx2

]T
=
[
x2 Ne2qe2

]T (13)

As shown in Figure 3, the modular component is equivalently modeled as a new
virtual link with the same length, lv1, and connected with end-effector 1 at its midpoint in
width. Likewise, the length of virtual link 2, lv2, can be obtained.
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Figure 3. A modular part transformed to a virtual link.

The kinetic and potential energy of the system can be derived as follows:

T = Tb + Tm + Tf (14)

Tf =
1
2

∫ l1

0
ρ1

(I) .
rT

a1
(I) .

ra1dx +
1
2

∫ l2

0
ρ2

(I) .
rT

a2
(I) .

ra2dx (15)

Tm1 =
1
2

n1

∑
i=1

(mi(
(I) .

r(1)i )T(I) .
r(1)i + (ω

(1)
i )

T
Iiω

(1)
i ) (16)

Tm2 =
1
2

n2

∑
j=1

(mj(
(I) .

r(2)j )T(I) .
r(2)j + (ω

(2)
j )

T
Ijω

(2)
j ) (17)

Tb =
1
2

m0
(I) .

rT
0
(I) .

r0 +
1
2

I0
.
θ

2
0 (18)

V =
∫ l1

0
εT

1 σ1dx +
∫ l2

0
εT

2 σ2dx =
∫ l1

0
εT

1 D1ε1dx +
∫ l2

0
εT

2 D2ε2dx =
1
2
(δ)TKeδ (19)

δ =
[
w1 θe1 w2 θe2

]T (20)

where Tf , Tm1, Tm2, and Tb are the kinetic energy of flexible appendages, manipulators 1
and 2, and the base, V denotes the elastic potential energy of flexible appendages, ρ1, ρ2
and l1, l2 represent the linear densities and lengths of the two beams, and mi, Ii and mj, Ij
are the mass and rotary inertia of links i and j with respect to their mass centers in arms 1
and 2, respectively. ω

(1)
i and ω

(2)
j are the angular velocities of links i and j in arms 1 and 2,

m0 and I0 denote the mass and rotary inertia of the base, and n1 and n2 indicate the degrees
of freedom of arm 1 and arm 2, respectively. ε1 and ε2 as well as σ1 and σ2 are strains and
stresses of the two arbitrary points on the two beams, and D1 and D2 denote the elastic

matrices of the beams. Finally, x0 =
[
(I)rT

0 θ0

]T
, θ =

[
θ
(1)
1 . . . θ

(2)
n2

]T
, and δ are treated

as generalized coordinates. With the help of the Lagrange equations of the second kind, the
dynamic equations of the system can be given as: H0 H0m H0δ

HT
0m Hm Cmδ

HT
0δ CT

mδ Hδ




..
x0..
θ
..
δ

+

 C0 C0m C0δ

Cm0 Cm Cmδ

Cδ0 Cδm Cδ




.
x0.
θ
.
δ

+

 03×1
0(n1+n2)×1

Keδ

 =

 F0
τ

04×1

 (21)

where F0 and τ are generalized external force vectors applied on the base and manipulators
and 03×1 is a zero vector with three dimensions.

3. Two-Stage Control Scheme for Assembly

In the assembly mission, directly obtaining the final position and orientation of two
modular components in the inertial frame would be difficult, making it challenging to ac-
complish one-step assembly. Hence, a two-stage strategy assembly scheme is introduced to
assemble two modular components. In the first stage, the modular components reach their
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relative preassembly positions and attitudes. Afterwards, the modular components follow
a relative trajectory to achieve the final assembly. Moreover, the vibration of the flexible
appendages induced by movements of the manipulators will bring about a disturbance
force to the base, which poses significant effects for navigation and communication. The
appendages lack external actuators, and the base is free-floating without the activated force,
i.e., F0 = 0. According to Equation (21), the generalized disturbance force generated by the
movement of the manipulators can be obtained as:

F0m = −(H0m
..
θ+ C0m

.
θ) (22)

Accordingly, to reduce the disturbance force to the base and flexible appendages in the
assembly operations, the disturbance force is involved in the optimal objective function.

3.1. Controller Design for the Preassembly Stage

This stage aims to carry the modular components to the desired preassembly position
and attitude, as shown in Figure 4. A relative state between the components is selected as
the desired state rather than the absolute defined values, which makes it applicable for both
redundant and non-redundant robotic systems to operate the assembly task. Thereafter,
relative movements are attained through a relative Jacobian matrix of the space robotic
system. It is noted that the generalized relative Jacobian matrix expressed in the inertial
frame becomes more sophisticated with the flexible appendages [13]. Accordingly, in this
section, the relative motion is achieved in the base frame rather than the inertial frame,
wherein only the relative Jacobian matrix as a substitute of the generalized one is required.

Figure 4. Preassembly to achieve the defined state.

Since the modular components are modeled as the virtual links, the issue is trans-
formed to the motion control of two end-effectors. For further simplification, two virtual
points in the end-effector frame are created to describe the relative position between the com-
ponents, as depicted in Figure 5, where lh1 and lh2 are the widths of components 1 and 2,
respectively. Thereafter, it is noted that only the relative distance between the compo-
nents, lr, is demanded rather than the relative position vector indicated in the base frame.
Consequently, the current and desired relative states are obtained as:

(B)X(r)
VP =

[
(B)x(r)VP θ(r)

]T
(23)

(B)x(r)VP = (B)xVP2 − (B)xVP1, θ(r) = (B)θP2 − (B)θP1 (24)

(B)X(r)
D1 =

[
0 0 θ

(r)
d

]T
(25)

where the right superscript r represents the relative value concerning the position coordi-
nate and attitude angle, (B)xVP1 and (B)xVP2 are the current positions of two virtual points
in the base frame, (B)θP1 and (B)θP2 denote the current attitudes of two virtual links, namely
two modular components in Euler angles expressed in the base frame, and θr

d represents the
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desired rotation angle between the virtual links. Then, the relative velocity and acceleration
are expressed as follows:

(B) .
X
(r)
VP =

[
(B) .

xVP2 − (B) .
xVP1

(B)
.
θP2 − (B)

.
θP1

]
= (B)J(r)VP

.
θ (26)

(B) ..
X
(r)
VP = (B)J(r)VP

..
θ+ (B) .

J
(r)
VP

.
θ (27)

where (B) .
xVP1 and (B) .

xVP2 are the linear velocities of virtual points 1 and 2, respectively,
(B)

.
θP1 and (B)

.
θP2 are the angular velocities of virtual links 1 and 2, respectively, and BJ(r)VP is

a combined relative Jacobian matrix defined in the base frame.

Figure 5. Virtual points created in the preassembly stage.

According to the strategy, an optimal formula is established in which a transitional
vector is adopted as the optimized variable to represent the joint acceleration and bounds in
the amplitude of joint torques are taken into account through a dynamic equation constraint.
Eventually, the optimal problem in a discrete-time form is given as follows:

minimize
bk

∥∥∥∥(B)
..
X
(r)
VPk − (B)X(r)

d1k

∥∥∥∥2
+ ‖F0mk‖2

subject to |τk| ≤ τmax..
θk = bk − ε1

.
θk

(B)X(r)
d1k = ε2(

(B)X(r)
D1 − (B)X(r)

VP1k)

H(θk,
.
θk,

..
θk, τk) = 0

(28)

where the subscript k represents the vector at instant k, the item ε1
.
θk is added to avoid the

joint velocity oscillation, ε1 and ε2 are two constant coefficients concerning the convergence
rate, and H(θk,

.
θk,

..
θk, τk) denotes the dynamics constraint indicated in Equation (21). Once

the optimized variable bk is solved, the demanded joint acceleration is obtained. Then,
the joint torques as a control input is calculated through the inverse dynamics of the
robotics system.

3.2. Controller Design for the Trajectory Tracking Stage

At the end of preassembly stage, two modular components reached the desired relative
position and attitude, as shown in Figure 6, where P1 and P2 are two points of modular
components 1 and 2, respectively. It is noted that the strategy for driving the single arm
to accomplish the final assembly brings about an obvious disturbance force to the base,
despite moving in a small scope [13]. Hence, in this stage, components 1 and 2 are carried
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following a relative trajectory between P1 and P2, while the attitude of component 2 with
respect to component 1 should remain unchanged. At the same time, the disturbance force
is added to the optimal objective function. The relative velocity between the components is
defined as:

(B) .
X
(r)
P =

[
(B) .

xP2 − (B) .
xP1

(B)
.
θP2 − (B)

.
θP1

]
= (B)J(r)P

.
θ (29)

(B) ..
X
(r)
P = (B)J(r)P

..
θ+ (B) .

J
(r)
P

.
θ (30)

B .
XD =

[
ε3

(
(B)xP2 − (B)xP1) 0

]T
(31)

where ε3 is a constant coefficient regarding convergence, (B)xP1 and (B)xP2 represent the
positions of points P1 and P2 in the base frame, respectively, (B) .

xP1 and (B) .
xP2 are the linear

velocities of components 1 and 2, respectively, and (B)J(r)P denotes the relative Jacobian
matrix of the two modular components. To achieve the relative trajectory tracking and
reduce the disturbance force to the base, an optimal problem is formulated as follows:

minimize
ck

∥∥∥∥B
..
X
(r)
Pk − BX(r)

d2k

∥∥∥∥2
+ ‖F0mk‖2

subject to |τk| ≤ τmax..
θk = ck − ε1

.
θk

BX(r)
d2k = ε4(

B
.

XD2k − B
.

X
(r)
Pk )

H(θk,
.
θk,

..
θk, τk) = 0

(32)

where ck is a new variable to represent the control input.

Figure 6. Trajectory tracking stage for the final assembly.

4. Simulation Results

In this section, the proposed assembly strategy is validated for a space robot with
two three-DOF arms and flexible appendages. The physical parameters of the robot and
modular components are presented in Table 1. The system was initially at rest, with the
initial states of the joint and base shown in Table 2, where the inertial frame aligned with
the base frame. The lengths of the beams, l1 and l2, were selected as 3 m, and the linear
densities of the beams ρ1 and ρ2 were set as 0.5 kg/m3. The desired rotation angle between
two virtual links, Bθr

d, was set as 0, and the relative distance, lr, was chosen as 0.2 m.
The coefficients ε1, ε2, ε3, and ε4 were 1, 0.2, 0.8, and 2. The maximum value of the joint
torques was chosen as 2 N ·m. The simulation times of the preassembly and trajectory
tracking stages were 20 s and 10 s, with a time step of 1 ms. The developed scheme
was implemented via MATLAB (version R2014a) in the Windows 7 operation system on
a desktop computer with an Intel i7 3.60 GHz CPU. The optimal problems were solved
through a CVX toolbox with the default solver SDPT3 [28]. Once joint accelerations had
been calculated, the joint velocities and angles were solved through a numerical integration
using the fourth-order Runge–Kutta scheme.
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Table 1. Robot physical properties.

Mass (kg) Iz (kg·m2) Dimension (m)

Base 20 3.33 1 × 1
Links 1, 3 5 0.833 1
Links 2, 4 5 0.533 0.5

Modular parts 1, 2 5 0.454 1 (lh1) × 0.3 (lv1)

Table 2. Initial states of the robot system.

Symbols (Unit) Initial Conditions (t = 0)

Position of the base r0 (m)
[
0 0 0

]T
Attitude of the base R0 Identity matrix
Joint angles of arm 1 θ1 (rad)

[ 3π
4 0 π

4

]T
Joint angles of arm 2 θ2 (rad)

[
π
4 0 −π

4
]T

The simulation results in the preassembly stage are presented in Figures 7–16. One can
see that the control inputs and joint velocities of the manipulators converged to zero after
approximately 15 s, as shown in Figures 7 and 8, wherein the control inputs were under the
demanded bounds. Figures 9 and 10 depict the mass center position and linear velocity
of the base. Figures 11 and 12 demonstrate the angular velocity and rotation angle of the
base, in which the maximum values were less than 2 × 10−6 and 5 × 10−5, respectively.
Moreover, comparison cases were carried out, where the UNOP was the case without
a disturbance force item in the optimal objective function. The obvious optimal results
of the deformation and rotation angle of the free tips on the beams are demonstrated in
Figures 13 and 14, where the maximum values of the optimized deformation and rotation
angle of the tips were less than 3 × 10−5 and 1.5 × 10−5, respectively. As illustrated in
Figures 15 and 16, at the end of this stage, the relative position error between two virtual
points and the relative rotation angle between the two modular components converged
to zero; that is, the modular components had achieved the expected relative state for the
final assembly.

Figure 7. Control inputs in the preassembly stage.
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Figure 8. Joint velocities in the preassembly stage.

Figure 9. Linear velocity of the base in the preassembly stage.
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Figure 10. Position of the base centroid in the preassembly stage.

Figure 11. Angular velocity of the base in the preassembly stage.
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Figure 12. Rotation angle of the base in the preassembly stage.

Figure 13. Deformation of the tips on the beams during the preassembly stage.



Aerospace 2022, 9, 819 13 of 21

Figure 14. Rotation angles of the tips of the beams during the preassembly stage.

Figure 15. Relative position between two virtual points in the preassembly stage.
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Figure 16. Relative attitude between the two modular components in the preassembly stage.

The simulation results in the trajectory tracking stage are shown in Figures 17–27. It
can be seen from Figures 17 and 18 that the joint torques all satisfied the limitation and
converged to zero along with the joint velocities at the end of the simulation. Figures 19–22
illustrate the center mass position and rotation angle of the base as well as their velocities.
Besides, the deformation and rotation angle of the free tips on the beams are demonstrated
in Figures 23 and 24, where the maximum values of the optimized deformation and
rotation angle of the tips were less than 3 × 10−5 and 2 × 10−5, respectively. As shown in
Figures 25 and 26, the position error between P1 and P2 converged to zero and the relative
attitude between the two components remained unchanged in this stage. In Figure 27, the
trajectory of P2 in the local frame of component 1 is shown, and it indicates that P2 moved
to P1 following the relative trajectory directed from P2 to P1. The complete trajectory of the
robotic system is shown in Figure 28, wherein the modular components were successfully
assembled in two stages.

Figure 17. Control inputs in the trajectory tracking stage.
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Figure 18. Joint velocities in the trajectory tracking stage.

Figure 19. Linear velocity of the base in the trajectory tracking stage.
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Figure 20. Position of the base centroid in the trajectory tracking stage.

Figure 21. Angular velocity of the base in the trajectory tracking stage.
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Figure 22. Rotation angle of the base in the trajectory tracking stage.

Figure 23. Deformation of the tips of the beams during the trajectory tracking stage.
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Figure 24. Rotation angles of the tips of the beams during the trajectory tracking stage.

Figure 25. Relative position between the two modular components in the trajectory tracking stage.
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Figure 26. Relative attitude between the two modular components in the trajectory tracking stage.

Figure 27. Trajectory of P2 in the end-effector 1 frame.
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Figure 28. Trajectory of the robotic system in two stages.

5. Conclusions

In this paper, a two-stage strategy was proposed to assemble two modular components
using a dual-arm space robot with flexible appendages. The dynamics model of the
robotics system was established with Lagrange equations of the second kind. The assembly
operation was performed based on the relative motion of the two modular components in
the base frame and to minimize the disturbance force to the base and flexible appendages.
More specially, the two components attained the desired relative position and attitude in the
preassembly stage with the assistance of two virtual points. Furthermore, the components
followed a relative trajectory for the final assembly by minimizing the relative velocity
tracking error. Finally, the feasibility of the presented strategy was validated through
numerical simulations of a robot with two three-DOF arms. The results demonstrated that
the two-stage assembly scheme effectively achieved the goals in that the components firstly
reached the desired relative states and then followed a desired trajectory with limits on
the joint torque. Moreover, as a result of the optimization for the disturbance force, the
response of the base and flexible appendages caused by movements of the manipulators
was small enough to be ignored.
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